Abstract The efforts on dislocation reduction have become a potential issue to realize the future high-efficiency solar cells using the InGaN materials. In this work, first, a numerical simulation has been carried out for the reduction of dislocation density in wurtzite InGaN heteroepitaxy using step-graded interlayers. An energy balance model has been developed for evaluating the misfit dislocation (MD) density. The residual strain from previous interlayer has been taken into account with misfit strain in each interlayer. A reaction model for threading dislocations (TDs) has also been developed and solved numerically considering the geometrical parameters. The simulation results confirmed a significant improvement of epilayer quality due to the use of step-graded interlayers. The calculations have been done for 1.5 lm InGaN using 3 stepgraded interlayers each containing 10 % composition difference and 0.2 lm thickness. The edge, screw, and mixed type MDs are found to be 4.69 9 10 10
Introduction
In the recent years, group III-nitrides and their related alloys have been intensively studied with remarkable breakthrough in the growth of multilayer structures for device applications [1] [2] [3] . Among them the ternary alloy InGaN is currently a major topic of research in the field of the modern optoelectronic and microelectronic technologies [4, 5] . Especially, this material is a promising candidate for multi-junction tandem solar cells with high conversion efficiency [6] [7] [8] . In order to realize such solar cell, it is essential to grow this alloy with high indium (In) content [6] . As there is no successful technique devised for the bulk growth of InGaN they are usually grown heteroepitaxially on GaN template [9] . Therefore, a large lattice (11 % between InN and GaN) as well as thermal expansion coefficient mismatches between the layer and substrate, introduces dislocations which lead to the degradation of the quality of this material and consequently the performance of its constituent devices [10] [11] [12] . These dislocations act as scattering centres and midband gap states, which proceed as recombination centres and reduce the minority carrier lifetime [13] [14] [15] . As a result, opencircuit voltage (V oc ), short-circuit current density (J sc ), fill factor, and efficiency of solar cells decrease gradually with the increase of dislocation density [13] . Hence the reduction of dislocation density is a budding issue for InGaNbased solar cells.
The concept of dislocation reduction during the heteroepitaxial growth of InGaN requires an understanding of misfit strain caused by lattice mismatch. Various theoretical as well as experimental evidences confirmed the common mode of strain relaxation as the formation of misfit dislocations (MDs) from different sources [11, [16] [17] [18] . The threading dislocations (TDs) which threaded the multilayer may be initiated from MDs or any other sources [16] . Other sources of dislocation such as V-defects and surface inclusions are also reported for single-phase high In-content InGaN on GaN [19] . Due to the adverse effects of dislocations, the researchers are highly interested to find a suitable growth technique which will reduce the dislocations density of future high-performance device fabrication. With this purpose, several efforts have been made to reduce MDs as well as TDs [20] . Ee et al. [21, 22] reported the nano-patterned AGOG (Deposition of Aluminum, Growth of Oxide, and Grain growth) sapphire for the growth of GaN template with reduced TD density in LEDs to enhance the output power. Compositional grading is one of the most effective techniques which can be very effective to reduce both MDs and TDs [23] [24] [25] [26] [27] [28] . In a properly designed graded layer, misfit strain as well as dislocation is greatly reduced due to spreading the strain profile throughout the entire layer of thickness instead being concentrated to a single interface. This grading of epitaxial layer may be done in several approaches such as linear or nonlinear grading, step-grading, grading with overshoot interfaces, and reverse grading [23] [24] [25] [26] [27] [28] . Most of the experimental and theoretical studies with graded heteroepitaxial layer have been carried out on linear and nonlinear grading [25, 29, 30] . However, the efficient strategy to reduce dislocation density is to initiate annihilation and fusion reaction among them during their glide process. In this process, the inclinations of TDs at layersubstrate or layer-layer interface are responsible for interaction between them and hence result in reduction by reaction [31] . Another approach for TD reduction is the incorporation of Si into the Al x Ga 1-x N film that results in a proportional stress transition from compressive to tensile. This dislocation reduction by Si doping also results from the increased TD inclination [32, 33] . Accordingly, linear or nonlinear grading shows poor performance for reducing the TDs in the epilayer due to the less interaction probability.
These objections are a driving force for further investigations of a technique which is best suitable for MDs as well as TDs reduction. In heteroepitaxy growth of InGaN using step-graded interlayer, due to the step increase of In composition in the epitaxial layers, a multiple step inclination of TDs at each interface will occur. This promotes the reaction among the TDs at each interlayer. Few experimental works on different material systems confirmed that this technology will be a promising solution for dislocation reduction during growth of heteroepitaxy [23, 24, [34] [35] [36] . Furthermore, the step-wise increase of In-content provides the facility to use of ternary InGaN as a substrate materials for the upper layers with high In-content. As a result, the reduced compressive strain between two successive layers improves the spontaneous emission properties and optical gain with reduced wavelength shift of multiple quantum well (MQW) devices [37] [38] [39] [40] . Although available theoretical works have been developed for without grading or linear and nonlinear grading, there is no such work on step-graded interlayers for wurtzite materials. In order to realize future high-performance devices, a detailed analysis of dislocation reduction using step-graded interlayer and further optimization is urgently required.
In this work, an analytical energy balance model for MDs and reaction model for TDs has been developed for the optimized step-graded structure for the fabrication of future solar cells. The reaction model considered possible annihilation and fusion reaction between TDs and TD blocking by MDs. In addition, experimental works have been done according to the modeling and the observed results illustrated. Finally, the results obtained from these simulations have been compared with the available experimental data.
Mathematical modeling
The modeling for misfit and threading dislocations have been developed separately to analyze the different types of dislocations density (edge, screw and mixed) individually without graded layer as well as their effects on interlayers. A flow diagram shown in Fig. 1 presents a brief summary of mathematical modeling done for the proposed step-graded interlayer scheme. Details of this methodology will be discussed in the subsequent sections.
Critical thickness
The most basic form of InGaN heteroepitaxial growth consisting of a layer with constant indium (In) composition is shown in Fig. 2a , which builds up strain with the increase of thickness. Such structure undergoes sudden relaxation with a large network of dislocations forming at the epilayer growth interface [16] . On the other hand, a step-graded interlayer technique is one, where the In composition in InGaN increases step wise up to the epilayer as shown in Fig. 2b . During the growth of each InGaN heteroepitaxy, the lattice as well as thermal expansion coefficient difference with substrate or previous interlayer introduces stain. This strain increases with thickness and after reaching a thickness, namely critical thickness (h c ), builds up enough strain energy to become energetically favorable to relax film through the formation of crystal defects, namely misfit dislocations. For any step-graded structure, multiple values of h c are calculated for each interlayer and upper epilayer grown stepwise on GaN substrate as shown in Fig. 2b . These values of h c can be calculated for each layer using the Matthews-Blakeslee's well-known force balance model [16, 36] :
; ð1Þ
where the index i in subscript indicates number of interlayer, b is the length of burger vector, v is the Poisson ratio, u is the angle between the slip plane and normal to the film-substrate interface, h is the angle between the dislocation line and burger vector, and r 0 is dislocation cut-off parameter. These parameters and the other basic parameters for the In x Ga 1-x N/GaN heteroepitaxy are listed in Table 1 . The in-plane misfit strain between two successive layers will be calculated from Eq. (2) . Multiple values of critical thickness will be found according to the parameters for each layer of the step-graded structures.
Slip systems in InGaN
In wurtzite InGaN, all the slip systems are not active for generation of misfit dislocation like cubic materials such as InGaAs or SiGe [41, 42] . Because all the planes do not experience a shear stress component due the lattice mismatch and should remain inactive in this configuration. Srinivasan et al. [43] However, there are also reports of pure a-type MDs which are theoretically the most efficient MD types for relieving the misfit strain [44] . Therefore, the basal plane slip system 1/3 \ 11-20 [ (0001) is also included for theoretical consideration. These three slip systems for wurtzite InGaN are shown in Fig. 3a, b , and c. The Table 2 listed the geometrical properties of these favored slip systems.
Misfit dislocations in step-graded InGaN
Initially the strain energy of the epitaxial film increases with thickness, and beyond the critical thickness some of this energy will be accomodated by the formation of misfit dislocation. In our previous works, we have developed an energy balance model for the step-graded structure to calculate the misfit dislocation density [45, 46] . It has been reported that the misfit strain in the heteroepitaxy starts to relax after h c at each interlayer; the layer will be partially relaxed by MDs. In order to do this, the strain energy of each interlayer and energy accomodated by misfit dislocations have been calcualted. One important term in that calculation was the consideration of residual strain using the nonzero component of elastic constant, after a thickness of h is [46, 47] 
Therefore, the strain energy per unit area of the interface is
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where c ij are elastic constant of the film. The energy per unit length of a dislocation lying in the layer-substrate or layer-layer interface of a material with hexagonal symmetry can be written as [7, 8] 
The energy per unit interface area of an array of evenly distributed dislocations with spacing, l, is then (1/l) (dE d(i) / dl). As all three arrays of non-interacting MDs are assumed to be independent, the total energy per unit area may be expressed as
It is assumed that the dislocation spacing l is such that it minimizes the total energy within the ith interlayer. So the misfit dislocation density is found from d(E i ? W i )/dl = 0 as
The layer grown upon the partially relaxed layer of thickness h i will experience a misfit strain, e m (i?1) reduced by the residual strain e i of the previous layer, where the value of e i is obtained from Eq. (3) for each interlayer. Therefore, MD density for each interlayer and epilayer will be updated with misfit strain as Threading dislocations in step-graded InGaN
In the growth of lattice-mismatched heteroepitaxy, TDs are concomitantly generated with MDs. These TDs are non-equilibrium defects that always raise the internal energy of the film/ substrate system [48] . Thus, there is a natural driving force to reduce the internal energy and TD density, subsequently. This reduction may occur due to annihilation and fusion reactions between pairs of inclined TDs and blocking by interaction between gliding TD with a MD line on its gliding plane [49] . All of these reactions have been shown schematically in However, both of these reactions can take place when the distance between interacting dislocations becomes smaller than the characteristic cross-section of a specific reaction: annihilation radius r A for annihilation reaction and fusion radius r F for fusion reactions [49, 50] . The general governing equation for TD density reduction of specific type q x can be written for ith interlayer as
The first summation is for the annihilation and fusion reactions which reduce the TD density of xth type one per reaction. The second summation is for fusion reactions between the other type'sl and n that produce the dislocation in the xth type, and the last one is for TD of xth type reduction by MD blocking on its gliding path. The reaction kinetic coefficient K xy presents the degree of possibility to participate in reaction of TDs type x and y in a particular interlayer that depends on the average differential motion between TDs with increasing film thickness. The values of the coefficients for a single layer are obtained using the general expression developed by Romanov et al. [48] as K xy ¼ 2r A sin w x m x À sin w y m y Â Ã ; where w denotes the angle between TD line and surface normal and m indicates the direction of dislocation motion. Using this expression, the coefficient for each interlayer can be calculated for the different values of w and m corresponding to their mismatch strain. Though the mismatches strain in without graded layer is higher, the lateral motion of TDs with respect to interlayer thickness is larger for step-graded layer having comparatively lower stepped increase of thickness. Therefore, a multiple inclination of TDs at each interface enables them to increase the probability of interaction in step-graded structure.
In the InGaN heteroepitaxy, there are 20 unique families of dislocations according to their burger vectors and line directions [51] . Among them, numbers 1 to 6 are for edge dislocation whose burger vectors (?a 1 , -a 1 , ?a 2 , -a 2 , ?a 3 and -a 3 ) lie on the basal plane, 
Finally, the threading dislocation of family '1' could be blocked by edge type MD in the interlayer [49] . Therefore, TD reduction for type 1 due to this effect can be written as
Combining, the decrease of TD of type 1 as a result of annihilation (Eq. 10), increases due to fusion reaction (Eq. 11) and blocking by MDs (Eq. 12), we can arrive at the governing equation for the density of TD family '1' in the ith interlayer of step-graded InGaN as Similarly, reaction equations for six different edge TDs, twelve mixed and two screw character TDs, i. e. a total of 20 first-order differential equations have been developed with corresponding burger vector and possible reaction for each interlayer of step-graded InGaN heteroepitaxy.
Simulation results and discussion

Multilayer critical thickness
The simulation of the developed mathematical model and further optimization has been done using available numerical technique. The calculations have been done for a 1.5-lm InGaN step-graded layer using three interlayer each of 0.2 lm with 10 % In composition difference and a final 0.9 lm epilayer with In composition, x = 0.4. Multiple critical thicknesses for each interlayer and the upper epilayer have been calculated in different possible slip system for the step-graded InGaN heteroepitaxy. Due to inverse relationship a slow increase in In composition in stepgraded structure leads to larger h c at each interface. Furthermore, the relative lattice mismatch between the adjacent interlayer has been considered according to Eq. (2), which makes the provision of larger values of h c than that of the without graded layer. The critical thickness at different slip system with increasing In composition is plotted in Fig. 5 . From the figure, the critical thicknesses have been found to be 12.4, 13.9, and 3.3 nm in (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) , , and (0001) slip, respectively, for 10 % increase of In composition.
Misfit dislocations generation in InGaN
At critical thicknesses the appearance of MDs are, for the first time, energetically favorable and start to relax the misfit strain. However, there is no reason to assume that all MDs will appear suddenly when the film thickness reaches h c . Instead, after the critical thickness, MD density increases with increasing film thickness h [3] . Different types of MDs are calculated in step-graded In 0.4 Ga 0.6 N/ GaN heteroepitaxy using three interlayers. Figure 6 shows the total MD generation in different slips as a function of layer thickness. All of the slips generate edge, screw, and mixed dislocation depending on the angle between the burger vector and dislocation line direction. 10 , 4.53 9 10 9 , and 4.03 9 10 11 cm -2 , respectively, generated on the first plane. From the above it is also observed that the MDs of any type generated in 1/3 \ 11-20 [ (0001) slip are much higher than that of the other prismatic slips. This is because the hexagonal c-plane is isotropic and, therefore, burger vectors for all dislocation lines with different values of u are equivalent. It is also clear from the above figures that the mixed and edge type MDs have higher densities than the screw type ones. This is due to the comparatively lower energy requirement for mixed and edge type MDs than for the screw type ones. Figure 7 presents the comparison of total generated edge, screw, and mixed type MDs in all possible planes of the stepgraded and without graded structure. It is found from Fig. 7a that the total edge type MDs is 4.8 9 10 11 and 7.8 9 10 11 cm -2 for step-graded and without graded structure, respectively, considering 1.5 lm InGaN epilayer thickness. The significant difference of dislocation generation indicates that the step-graded interlayers successfully decrease the dislocation between GaN and InGaN interface. Though the reduction of screw type MDs as indicated in Fig. 7b due to step-graded interlayer is very small, a significant improvement has been observed in case of mixed type MDs as shown in Fig. 7c . The gradual application of misfit strain is primarily responsible for this improvement in dislocation density. With no interlayer the difference in mismatch between epilayer and substrate causes a large misfit and thermal strain between them. The large compressive stress also yields in the InGaN because of large thermal expansion coefficient for GaN (5.5 9 910 -6 K -1 ) than for InN (4.0 9 10 -6 K -1 ), resulting in an introduction of misfit lattice dislocations in the epilayer. On the other hand, with increasing the InGaN interlayer in a step-graded structure composition increases slowly step-wise. Thus the lattice as well as thermal expansion coefficient mismatch of the step-graded interlayer would be gradually change from GaN to In 0.4 Ga 0.6 N. Furthermore the misfit strain at the new interlayer could be compensated by the residual strain of opposite polarity from the previous layer. Therefore, the stress may be decreased or accommodated within a graded interlayer resulting in lower misfit dislocation.
In order to optimize the interlayer number for a specific structure, we have calculated MD densities at different interlayer numbers. increase the experimental complexity and will introduce interfacial dislocations each layer. These results are consistent with the outcomes of improved InGaN epilayer quality using step-graded interlayer according to Islam et al. [23] , who have shown that inserting more inter layer with 3-5 % indium composition difference did not decrease the dislocations further. Therefore, it is reasonable to conclude that the insertion of interlayer is found effective where the In composition difference between the under layer and epi-layer is around 6.5-8 %.
Threading dislocations in wurtzite InGaN
The threading dislocation densities in the step-graded InGaN heteroepitaxy have been evaluated from the numerical simulation of the reaction model. A total of 20 first orders, nonlinear differential equations according to all possible burger vectors have been solved for the same structure of In 0.4 Ga 0.6 N. To execute the solution, the MDs are considered as the main source of TDs of specific types to set the initial values. The reaction kinetic coefficients between each pair of TDs have been determined for each interlayer considering the annihilation and fusion reaction radius of 500 Å . The solution presents the variation of TD densities with increasing film thickness. Figure 9 shows the density reduction of TD 1, 3, and 5 (edge type) in the step-graded In 0.4 Ga 0.6 N. It can be reported from the figure that initially the edge type TDs increase rapidly and then begin to decrease with increasing film thickness. The initial increase is due to their lower initial values and their generation from the reaction of other types is higher. Figures 10 and 11 present the variation of mixed and screw type TD densities, respectively, with specific number as a function of film thickness for the step-graded structure. The mixed type TD decreases monotonically with increasing film thickness and these decreases are quicker than any other type of TD. This is because, though the screw dislocations are considered very low initial values, they can be the product of other reaction and allowed to participate in reaction with other TDs. As a result, both the screw-mixed reaction producing vertical edge dislocation and the edge-mixed reaction producing vertical screw dislocations. Therefore, the mixed TD density becomes so low as to prevent the further interaction among TDs, with the end result of saturation in TD density. The nature of screw type TDs are different from that of others. Though both TDs increase with thickness, TD 19 has higher rate than TD 20. The improvement in TD density in the top surface of the epilayer has been understood from the comparison of Fig. 12a , and b. These figures show the decrease of average edge, mixed, and screw TD densities of the step-graded and without graded In 0.4 Ga 0.6 N heteroepitaxy, respectively. The total edge, screw, and mixed type TD densities for the step-graded structures are found to be 8.88 9 10 10 , 7.4 9 10 10 , and 1.32 9 10 10 cm -2 , respectively, at the top surface of the epilayer, whereas these values are 4.6 9 10 11 , 3.78 9 10 11 , and 7.52 9 10 10 cm -2 , respectively, for the without graded structure.
There are several reasons behind these improvements in epilayer quality of the step-grade structure. Since the dislocations from the substrate are extremely much lower than the dislocation generated from other sources, the MDs are considered as the main source of TDs. In case of without graded structure the most of the MDs are generated near the film-substrate interface due to large mismatch and lower critical thickness. Therefore, the TDs that glided in the upper layers could not be blocked by the MDs. On the other hand, the MDs' generations in the step-graded structure spread throughout the entire layer instead of being concentrated in a single interface. As a result, the TDs that glided out from the first interlayer could be blocked by MDs generated in the second interlayer or TDs from second layer may be blocked by MDs in upper layer and so on. Therefore, the TD reduction in step-graded structure can be enhanced by the MD blocking. Moreover, as the strain inside the thin film drives threading dislocations to incline at each interface and react with each other, the introduction of an intentionally strained layer can be used to facilitate the TDs reduction process. This is the basic of TD reduction mechanism in step-graded layer. Bending of dislocations in without graded structure only occurs very close to the In x Ga 1-x N/GaN interface, whereas dislocation bending can be noticed at each interface between InGaN interlayers of different composition in step-graded structure [52] . Moreover, due to large misfit dislocation density a strong interaction force among them prohibits the glide motion of the dislocation and further relaxation in without graded layer. Therefore, it requires further dislocation nucleation to relax the strain resulting higher TD densities in epilayer. On the other hand, lower MD densities offers week interaction force with easy gliding of TDs. A well-designed graded layer should relax the misfit strain mostly through the glide motion of existing threading dislocations instead of nucleation of new dislocation. Furthermore, as observed in various experimental works most nucleation sites for TDs are MDs which are extremely lower in step-graded structure than the without graded.
Experimental evidence
Growth procedure
The films are grown on (0001) sapphire substrate using the metal organic vapor phase epitaxy (MOVPE) with a horizontal reactor. The In x Ga 1-x N heteroepitaxy is grown on GaN template using two interlayers having intermediate In compositions between epilayer and template. Triethylgallium (TEG), trimethylindium (TMI), and ammonia (NH 3 ) are used as Gallium (Ga), Indium (In), and Nitrogen (N) sources, respectively. The complete growth procedure of graded layer hetero-structure can be seen from the time chart shown in Fig. 13 . At first GaN template of about 2 lm is grown at 1,000°C. [53] . Growth interrupts are employed between the growths of two consecutive interlayers having different In compositions and allowing thermal annealing under NH 3 . Also during the growth interrupt, the substrate temperature is adjusted to the optimum value required for the growth of each In x Ga 1-x N layer. More details about experimental procedure have been discussed in [23] .
Experimental observation of relaxation
Information on the crystal structure and strain of an epitaxial film can be obtained by performing a RSM on an asymmetric reflection using a double-crystal X-ray diffraction system. Additionally, the out-of-plane, c and inplane, a lattice constant of the hexagonal structure can be measured and a direct comparison of the position of GaN template, InGaN inter layers, and epi-layer diffraction peaks in the RS can be performed. A RSM of the In 0.14 Ga 0.86 N epi-layer with two inter layers In 0.05 Ga 0.95 N and In 0.09 Ga 0.91 N, measured around the (10-15) reflection is shown in Fig. 14 . The thickness of each inter layer and the epi-layer is around 0.15 and 1.5 lm, respectively. Fully strained and relaxed lines are also shown. The relaxation line has been drawn calculating the lattice constant of InGaN using the relation [54] , where the input parameters necessary to complete the calculation are the GaN (c GaN 0.51850, a GaN 0.31892 nm) [55] and InN (c InN 0.57033, a InN 0.35378 nm) [56] relaxed lattice constants. The RSM confirms the two inter layers and the epilayer peaks by the diffraction profile of the InGaN film. It can be seen from the Fig. 14 that the InGaN epi-layers are not completely relaxed, while the interlayers show comparatively more strain. The lattice mismatch of GaN template to 1st inter layer, 1st inter layer to 2nd inter layer, and 2nd inter layer to InGaN epi-layer is 0.33, 0.31, and 0.59 %, respectively, whereas the calculated lattice mismatch of completely relaxed InGaN sample with the same In composition is 1.35 % for without graded layer. Therefore, the step-graded interlayer with the step-by-step relaxation of InGaN epi-layer decreases the lattice mismatch gradually that can reduce the defect density.
Comparison between simulated and experimental results
The result comparison with experimental work is an essential task for validation of any model. Experimental measurements of dislocations have been performed on the sample grown in laboratory. It has been reported that the dislocation density, particularly the edge dislocations, decreases considerably with the insertion of interlayers for higher In composition [23] . An edge dislocation of 3.37 9 10 10 cm -2 is obtained for a sample with compositionally two step-graded interlayers (In 0.06 Ga 0.94 N and In 0.13 Ga 0.87 N) and 1.5 lm In 0.26 Ga 0.74 N final epilayer. On the other hand, using the developed model the edge dislocation density of 2.61 9 10 10 cm -2 has been evaluated in (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) plane of a 1.5-lm step-graded In 0.26 Ga 0.74 N heteroepitaxy using two interlayers. In contrast to lattice mismatch calculated from the RSM, we have also estimated the strain relaxation profile for a 1.5-lm In 0.14 Ga 0.86 N epilayer using our model with two interlayers having same composition as Fig. 14 . It has been found that the mismatches of 0.32, 0.33, and 0.58 % are estimated in first interlayer to GaN substrate, second interlayer to first interlayer, and epilayer to second interlayer, respectively.
Conclusions
From the above realization it can be summarized that a proper management of magnitude and rate of misfit strain is the key requirement to control the misfit and threading dislocations during the growth of InGaN. In this work, the step-graded interlayer technique for wurtzite InGaN heteroepitaxy has been investigated through mathematical modeling and numerical simulation as well as experimental observation for future solar cells.
The multilayer epitaxial structures with 40 % In composition for In x Ga 1-x N has been considered using stepgraded structure. It has been demonstrated that the insertion of step-graded interlayers significantly reduces the mixed and edge MDs up to a certain number within a specific In composition. It has been found that no significant misfit dislocation density decreases for the heteroepitaxy with In composition difference below 8 %. These results are consistent with the reported results of improved InGaN epilayer quality using step-graded interlayer. In addition, a numerical solution of TDs' reaction models has confirmed their diminishing densities with increasing thickness. The less nucleation sites for TDs and step inclination at each interlayer of the step-graded structure result in significant improvement in the epilayer quality with extremely less TD density, especially of mixed type. The edge and screw dislocations evaluated using this model in (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) plane have been found to agree well with the experimentally measured result for InGaN film using step-graded interlayer. The model verification has also been confirmed by comparing the lattice mismatch from the model and measured from RSM.
The above realizations indicate the potentiality of stepgraded interlayer technique for InGaN heteroepitaxy. This simulation methodology can be used for other wurtzite heteroepitaxial material to estimate the performance of future high-efficiency solar cells.
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